Zonisamide is an antiepileptic drug that is structurally different from other antiepileptic agents. Its long half-life, once-daily dosing, lack of induction of hepatic enzymes, and broad spectrum of action makes it a suitable candidate for monotherapy. It has been approved as monotherapy for partial onset epilepsy in Japan and South Korea for more than a decade, and was recently approved as monotherapy in Europe. In the USA, it is only approved by the US Food and Drug Administration for adjunctive treatment of partial onset epilepsy. In this paper, we briefly review the literature on zonisamide monotherapy in partial onset epilepsy with regard to its efficacy, safety, tolerability, and long-term side effects, including a recent noninferiority trial in comparison with extended-release carbamazepine. While European regulatory agencies use noninferiority trials for approval of monotherapy, such a trial design does not meet the current regulatory requirements for approval as monotherapy in the USA.
Introduction
Zonisamide is a benzisoxazole derivative that is structurally different from other antiepileptic drugs. 1 It is currently approved in the USA for adjunctive treatment of partial onset epilepsy, but in practice is used as adjunctive treatment for a wide variety of intractable seizures, including the primary generalized epilepsies. 2, 3 It was first marketed in Japan in 1989 for adjunctive treatment of partial epilepsy by Dainippon Pharmaceutical Co, Ltd, under the brand name Excegran ® . 4 Thereafter, Dong-A Pharmaceutical Co, Ltd, launched the product in South Korea in 1992 (also under the brand name Excegran), and Elan Corporation PLC launched it in the USA in 2000 as Zonegran ® . 4 In 2004, Eisai obtained manufacturing, development, and marketing rights for Zonegran in the USA and Europe, and subsequently launched the product in Europe in 2005. 4 Currently, Eisai also markets the product in Asia (including the People's Republic of China, Taiwan, and other countries). 4 Zonisamide is approved as monotherapy and adjunctive therapy for partial onset and generalized epilepsies in Japan and South Korea, and as monotherapy or adjunctive therapy for partial onset epilepsy in Europe. 3, 5 In the USA, the only indication approved by the US Food and Drug Administration (FDA) for zonisamide is adjunctive treatment of partial onset epilepsy. For monotherapy approval, the FDA requires either a superiority trial using a pseudo-placebo design (since placebo-controlled studies are considered unethical in epilepsy) or a conversion to monotherapy design using historical controls. 6, 7 No such trials exist for zonisamide, so zonisamide currently has no FDA-approved indications for monotherapy in the USA. In this paper, we discuss the efficacy, tolerability, and safety of zonisamide monotherapy for partial seizures, and examine the obstacles to FDA approval of zonisamide for monotherapy in the USA.
Pharmacokinetic and pharmacodynamic properties
Zonisamide is a sulfonamide and is chemically similar to an indole. It was originally synthesized in 1972 as one of a series of 1,2-benzisoxazole derivatives by Uno et al in the research laboratories at Dainippon Pharmaceutical Co, Ltd. 3, 8 Due to its anticonvulsant activity in maximal electroshock experiments, it was selected as a candidate for further development as an antiepileptic drug. 3 Zonisamide is completely absorbed, with a bioavailability of 100% and reaching maximum plasma concentration in 2-5 hours. 1, 9 Food reduces the rate but not extent of absorption, increasing the time to maximum plasma concentration to 4-6 hours. 1, 9 Zonisamide displays dose-dependent pharmacokinetics, with maximum plasma concentrations and the area under the time-plasma concentration curve reaching linearity after single doses of 100-800 mg and after multiple doses of 100-400 mg daily. 1, 10 It has a rather long half-life of 60 hours, allowing for once-daily dosing. 1, 9 The maintenance dosage is 8 mg/kg per day in children and 100-600 mg per day in adults. It is about 40%-50% protein bound, 1, 9 and the therapeutic range is 10-40 µg/mL. There is no clear relationship between serum zonisamide levels and clinical efficacy.
Fifty percent of the drug is metabolized in the liver via cytochrome P450 3A4. Enzyme-inducing drugs like carbamazepine, phenytoin, and phenobarbital increase the clearance of zonisamide, leading to decreased plasma levels, although reduction of the elimination half-life of zonisamide does not require a change in the dosing interval for this drug. 1 Twenty percent of the drug is metabolized by acetylation and 30% is excreted unchanged in the urine. 9, 11 Zonisamide is a broad-spectrum antiepileptic agent with multiple mechanisms of action. These include reduction of sustained high-frequency repetitive firing of sodiumdependent action potentials, inhibition of low threshold T-type calcium currents, a modulatory effect on GABAmediated neuronal inhibition, inhibition of glutamate release, and weak inhibition of carbonic anhydrase. 9 The latter may contribute to some of the side effects of this drug. Zonisamide also alters the metabolism of dopamine, 5-hydroxytryptamine, and acetylcholine. 9 
Efficacy of zonisamide as monotherapy
There have been multiple retrospective chart review studies suggesting the potential efficacy and safety of zonisamide as monotherapy. [12] [13] [14] [15] Park et al found zonisamide monotherapy to be effective across a broad spectrum of seizure disorders, except for complex partial seizures. 16 In addition, there have been multiple open-label prospective studies of the effectiveness of zonisamide monotherapy in the past two and half decades. Some of these studies are discussed below and are summarized in Table 1 .
In a study by Fujii et al in 1989, 25 treatment-naïve patients with cryptogenic, localization-related epilepsy were treated with zonisamide 8 mg/kg/day once daily for 12 months. In this study, 68% of patients showed complete seizure control. 3, 17 In a monotherapy trial including 44 pediatric patients (25 with localization-related epilepsy and 13 with generalized epilepsy) reported by Kumagai et al, zonisamide was used in doses up to 12 mg/kg/day. Seizure freedom was achieved in 72% of subjects with localizationrelated epilepsy (18/25) and in 91% of those with generalized epilepsy (12/13). 18 Hayakawa et al conducted a prospective monotherapy study of zonisamide 2-10 mg/kg/day in 32 pediatric patients with newly diagnosed partial onset epilepsy and 15 patients with generalized epilepsy. Seizure freedom was achieved in 66% of patients and another 17% had a .50% reduction in seizure frequency. 3, 19 Yagi and Seki conducted a monotherapy study in 65 refractory pediatric patients with both partial and 
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Once-daily zonisamide monotherapy in partial seizures generalized epilepsy, and 91% of patients (42 with localization-related epilepsy and eleven with generalized epilepsy) had a .50% reduction in seizure frequency. 3, 20 In a monotherapy study reported by Miura, 72 treatment-naïve pediatric patients with localization-related epilepsy received zonisamide at a maintenance dosage of 8 mg/kg/day for 6-43 months, and seizure control was achieved in 79.2% of cases. 21 Seki et al studied 77 pediatric patients with epilepsy in a prospective monotherapy trial. Sixty-eight patients, 44 of whom had localization-related epilepsy, completed the trial and were included in the efficacy analysis; 36 (82%) of these 44 patients achieved seizure freedom and a further 9% had a .50% reduction in seizure frequency. Of the eleven patients with generalized epilepsy, ten (91%) became seizure-free. 22 In a randomized multicenter trial of pediatric patients with newly diagnosed epilepsy, low-dose (3-4 mg/kg/day) versus high-dose (6-8 mg/kg/day) zonisamide was evaluated. 23 Of the 90/125 patients who completed the trial, 49/65 were enrolled in the low-dose group and 41/60 were enrolled in the high-dose group. The seizure freedom rate at 6 months was reported to be 63.1% (41/65) in the low-dose group and 57.6% (34/60) in the high-dose group. 23 In a multicenter, randomized, double-blind, noninferiority Phase III trial of the efficacy of zonisamide monotherapy, adult patients were recruited from 120 epilepsy centers in Europe, Asia, and Australia. This study compared the efficacy of oral zonisamide with that of controlled-release carbamazepine in patients with newly diagnosed partial onset seizures. Over three-quarters of patients, ie, 79.4% of those on zonisamide versus 83.7% of those on controlled-release carbamazepine were seizure-free at the end of 26 weeks or more, and the difference between the two groups was considered to be nonsignificant. Seizure freedom was achieved at the lowest target dose in both treatment groups. This study established that zonisamide is not inferior to carbamazepine, and is well tolerated as monotherapy in patients with newly diagnosed partial onset epilepsy. It is interesting that the proportion of patients with complex partial seizures who became seizurefree was higher in carbamazepine group (80/86) than in the zonisamide group (70/91).
24

Safety and tolerability as monotherapy
In all prospective open-label trials of zonisamide monotherapy in the pediatric population, zonisamide was well tolerated with mild to moderate side effects. [17] [18] [19] [20] [21] [22] [23] In the randomized, double-blind, noninferiority Phase III trial in adults, the adverse events were similar for carbamazepine and zonisamide. 24 The safety data are discussed in the two groups as follows.
Treatment-emergent adverse events were reported in 60% of patients on zonisamide and in 62% of those on carbamazepine. Treatment-emergent adverse events reported by $5% of patients included headache, decreased appetite, weight loss, somnolence, and dizziness, in order of frequency. Treatment-emergent adverse events leading to discontinuation were fatigue, rash, dizziness, and memory impairment, and their incidences were 11% in the zonisamide group versus 12% in carbamazepine group (with rash being the most common in the carbamazepine group and fatigue the most common in the zonisamide group; fatigue did not cause any discontinuation in the carbamazepine group). Serious treatment-emergent adverse events were 5% for zonisamide versus 6% for carbamazepine.
Treatment-related adverse events were also similar and reported for 36% of patients in the zonisamide group versus 38% of those in the carbamazepine group. These were similar in terms of level of severity between the two groups, and were mild (22% for zonisamide and 20% for carbamazepine), moderate (11% for zonisamide and 14% for carbamazepine) to severe (4% for zonisamide and 4% for carbamazepine). Serious treatment-related adverse events occurred in 1% of the zonisamide group and in 2% of the carbamazepine group.
A pooled analysis of the safety and tolerability of zonisamide as monotherapy or as add-on therapy in elderly patients ($65 years) did not reveal any new or unexpected safety findings in this age group. 25 The risk of teratogenicity with zonisamide has not been clearly determined, and it is classified by the FDA as a category C drug.
Long-term tolerability, safety, and efficacy
In retrospective studies, zonisamide was a safe, effective, and well tolerated treatment option. 12, 26 Zonisamide did not seem to show any decrease in efficacy during long-term use for 6-180 months. 27 One prospective, randomized, open-label study evaluated the long-term effects of zonisamide on cognition and mood during monotherapy. 28 In this study, zonisamide did not elicit significant mood changes, but had negative dose-related effects on several cognitive tests, including delayed word recall, Trail Making Test Part B, and verbal fluency. The cognitive side effects were sustained after one year of treatment.
Adult patients completing the abovementioned randomized, double-blind, noninferiority Phase III trial comparing 
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Afra and Adamolekun zonisamide versus carbamazepine monotherapy entered a long-term extension study. 29 The results were presented in abstract form at the International Epilepsy Congress in Montreal in 2013. This study included 137 patients in the zonisamide group and 158 patients in the carbamazepine group, the zonisamide dosage was 200-500 mg/day and for carbamazepine was 400-1,200 mg/day. Long-term safety assessments included treatment-emergent adverse events and clinical laboratory parameters. The overall incidence of treatment-emergent adverse events was similar for zonisamide (52.6%) versus carbamazepine (46.2%); most treatment-emergent adverse events (.95%) were of mild or moderate intensity, the most commonly reported being decreased weight (5.8% versus 0%, respectively) and headache (4.4% versus 6.3%). Incidences of serious treatment-related adverse events and treatment-emergent adverse events leading to withdrawal were low and similar between the groups (0.7% versus 1.9%, and 1.5% versus 0.6%, respectively). There were small to moderate decreases in bicarbonate levels from baseline in the zonisamide group (mean −3.4 mmol/L). Vital signs and physical/neurological examinations identified no safety concerns.
Efficacy assessments included retention and seizure freedom rates. Retention rates for zonisamide versus carbamazepine were generally similar at all time points (58.4% versus 61.4%, 27.7% versus 27.8%, and 5.8% versus 2.5% at 12, 18, and 24 months, respectively; intent-to-treat population). Seizure freedom rates after 24 months of treatment were 32.3% versus 35.2% (zonisamide versus carbamazepine; intent-to-treat population).
Discussion
About 47%-50% of patients with newly diagnosed seizure disorder become seizure-free with the initiation of the first antiepileptic drug and another 13%-20% with a second drug or with dual therapy. [30] [31] [32] Although monotherapy and polytherapy have similar efficacy, monotherapy is associated with improved tolerability. Additionally, drugs that need to be taken less frequently have better adherence rates, and for antiepileptic drugs, the likelihood of missing a dose is increased by 27% each additional time a drug is expected to be taken daily. 33 Zonisamide, with its long half-life, once-daily dosing, and efficacy at low to medium dosage is a good candidate for monotherapy. 1, 9 Additionally, it has a broad spectrum of action, making it a useful option when the precise diagnosis is in doubt (ie, it is unlikely to cause seizure exacerbation in the primary care setting). 1, 9 Although it is a sodium channel blocker, it does not induce hepatic enzymes and therefore is unlikely to interact with hormonal contraceptives and a variety of other drugs with hepatic metabolism. 1, 9 It has a minimal effect on mood, but is well known to have sustained cognitive side effects. 28 Additional side effects include weight loss, which may or may not be desirable, and precautions include metabolic acidosis, kidney stones, oligohydrosis, and hyperthermia in pediatric patients, and pregnancy category C in women. 2 The zonisamide versus controlled-release carbamazepine noninferiority trial and its long-term extension suggest favorable safety, efficacy, tolerability, and retention profiles for zonisamide, which makes it a desirable monotherapy agent in partial onset epilepsies. 24, 29 Similarly, four pivotal placebocontrolled trials of zonisamide have established its safety, clinical efficacy, and tolerability in adjunctive treatment of refractory partial onset epilepsy. 9 In 2012, the European Medicines Agency approved zonisamide as monotherapy. Although the European regulatory agencies use noninferiority trials for monotherapy approval, this trial design does not meet the FDA requirement for monotherapy approval in the USA. Currently, the FDA requires either a superiority trial design or a historical control monotherapy design. 6, 7 Of the drugs that are currently approved for monotherapy in the USA, the first-generation antiepileptic drugs were "grandfathered" by the FDA and did not go through the current approval criteria. 34 These drugs usually cause liver enzyme induction or inhibition resulting in drug-drug interactions. Further, they have long-term side effects, including effects on bone mineral density or bone turnover. Four of the secondgeneration drugs have been approved by the FDA for monotherapy using a superiority trial design with a pseudo-placebo arm. These include oxcarbazepine, felbamate, lamotrigine, and topiramate, with oxcarbazepine and topiramate having FDA approval as initial monotherapy. 6 After acceptance of historical control conversion to monotherapy design by the FDA, lamotrigine extended-release was the first drug to obtain FDA approval using this trial design. 7 Lacosamide is currently under review by FDA as a potential second drug using the historical control conversion to monotherapy design. 35 The International League Against Epilepsy (ILAE) has recommended active-controlled monotherapy trials with a duration of at least 48 weeks and efficacy assessment of seizure freedom at 24 weeks or more. As such, the zonisamide versus controlled-release carbamazepine noninferiority trial and two other trials 36, 37 
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Once-daily zonisamide monotherapy in partial seizures the ILAE criteria. A recent ILAE review provides evidence that zonisamide has level A efficacy as initial monotherapy for adults with partial onset seizures. 38 Pending monotherapy trials in accordance with FDA requirements in the USA, the American Epilepsy Society and American Academy of Neurology may take a lead in assessing the evidence on the efficacy, safety, and tolerability of zonisamide monotherapy in partial onset epilepsy.
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